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Chapter 1 valuable resource for hydrologists and engineers
Introduction working with snow hydrology applications. The final
product of the Cooperative Snow Investigations
1-1. Purpose Program was EM 1110-2-1406, the predecessor of

this document. Since the 1960s, advances in applied

This manual provides technical background andSnow hydrology have centered primarily around
guidance for computing basin snowmelt runoff as iscomputer applications of the methodologies developed
necessary in the design and operation of U.S. ArmypY USACE and subsequent researchers.  These
Corps of Engineers (USACE) water control projects.include the following:

This manual discusses the basic theoretical principles

of snow hydrology and the practical applications of & Development of many conceptual snowmelt
this theory in forecasting and design. It summarizes models.

several important snowmelt runoff models and offers .

guidelines for model selection. This manual repre- b. Use of new technology to acquire data for
sents an update of EM 1110-2-1406, Runoff from measuring various aspects of snow.

Snowmelt, dated 5 January 1960, which is now _ _
obsolete. While many of the basic principles and tech- €. Employment of computers in managing and
niques presented in that manual have been retained, analyzing hydrometeorological data.

numerous advancements in computer, communica- o _

tions, and data acquisition technologies are now d. Use of new communications technologies for
reflected. This manual is applicable to USACE rapid access to data, even in the near real-time.

offices in which snow hydrology considerations affect
runoff and streamflow derivations. With all these changes, snowmelt models are now

internalized in operational forecasting more than ever
1-2. Background before, and their future use will increase as more effi-
cient capabilities for data acquisition, communica-

In the mid-1940s, the Federal Government initiated aions, and analysis are developed.

major research program as a cooperative effort

between the U.S. Army Corps of Engineers andl-3- Snow Hydrology Modeling

U.S. Weather Bureau, with the major impetus beingto _ o _
develop procedures to derive spillway design floods! this manual, focus is placed primarily on computing
for the major dams that were being planned forrunoff and streamflow in which snow has played a role
western river basins subject to snow runoff. Thein the process. This computation, typically accom-
Cooperative Snow Investigation Prograestablished ~ Plished with a computer model of some sort, includes
three snow laboratories that were operated until thdhe following considerations.

mid-1950s. The Central Sierra Snow Laboratory was _ _ _
located in the Sierra Mountains of California near @ Collection and handling of competent spatial
Donner Pass; the Upper Columbia Snow Laboratoryand temporal data for model inputThis operation,
was located in Glacier National Park in Montana; andcritical especially in real-time forecasting, has been
the Willamette Basin Snow Laboratory was in the €nhanced in recent years by the development of
upper McKenzie River drainage in Western Oregon.fémote sensing and the availability of near-real-time
(The Central Sierra Laboratory continues to beWater control data.

operated by the Department of Agriculture.) The _

results of the laboratory experiments and other D. Formulation of the structure of the snowmelt
scientific research of the program were documented ignodel  How the model deals with the complex
numerous Technical Reports, Research Notes, anBhysics of accumulation, snowmelt, areal snow
Technical Bulletins. These were in turn compiled into distribution, and - snow-soil interactions must be
a summary reporSnow HydrologyU.S. Army Corps deflne_zd so that new data collection an_d handling
of Engineers 1956). This document remains atechniques can be rationally analyzed and incorporated

1-1
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as input. This step involves selecting a computerl-6. Scope and Content

program that is appropriate for the application, then

using the options available correctly and intelligently. This manual includes both theoretical and practical

topics. The basic theoretical concepts of snow

c. Application of the model in either analysis or hydrology are presented in Chapter 2, “Snowmelt

forecasting Here the skill and experience of the user Runoff—A Review of the Fundamental Processes.”

come into play as a model is calibrated, tested, thefhis chapter draws upoBnowHydrology and more

applied in the intended application. This cannot berecent research work to summarize the physical

done without a thorough background in snhow processes involved in snow accumulation, metamor-

hydrology, making use of basic principles that arephosis, and melt, and to present fundamental equa-

described in this manual and in other references. tions that describe these processes. After a discussion
of data collection and analysis in Chapter 3, the
1-4. References physical processes are again discussed, this time with
regard to practical applications in forecasting and
Related publications include: design, in Chapters 4 through 9. Chapter 4, “Snow
Accumulation and Distribution,” discusses
a. ER 1110-2-248 Requirements for Water Data techniques—both simple and complex—that can be
Transmission Using GOES/DCS used to estimate snow quantity and areal extent at the

beginning of a snowmelt runoff event. Chapter 5,
b. ER 1110-2-249 Management of Water Control “Snowmelt—Energy Budget Solutions,” presents the
Data Systems semiempirical equations that have been developed
from the basic theoretical principles for use primarily
c. EM 1110-2-1415 Hydrologic Frequency in the derivation of design floods in a snow

Analysis environment. In Chapter 6, “Snowmelt— Tempera-
ture Index Solutions,” the simpler alternative method
d. EM 1110-2-1416 River Hydraulics of estimating snowmelt rates, used widely in real-time
hydrologic forecasting, is discussed. Chapter 7,
e. EM 1110-2-1417 Flood-Runoff Analysis “Effect of Snow Condition on Runoff,” covers the
practical considerations associated with the metamor-
f. EM 1110-2-3600 Management of Water Con- phosis of snow—how the condition of the snow can
trol Systems affect the determination of runoff. Chapter 8,
“Snowmelt—Accounting for Changes in Snow and
1-5. Bibliography and Definitions Snowcover,” describes approaches to modeling the

change of snow quantity and areal extent during snow-
A bibliography of other reports and important papersmelt. Chapter 9, “Statistical Analyses,” summarizes
pertaining to snowmelt runoff that are cited in the textstatistical techniques that are commonly used in snow
is provided in Appendix A of this manual. Addi- hydrology.
tionally, a glossary of terms and definitions is included
in this Engineer Manual as Appendix B. A compre- a. The technigues and “tools” described in Chap-
hensive listing of literature pertaining to snow is ters 4 through 9 are further described in terms of their
contained in theBibliography on Cold Regions use in practical engineering applications in Chap-
Science and Technologlyat is periodically published ter 10, “Snowmelt Runoff Analysis for Engineering
by the U.S. Army Cold Regions Research andand Forecasting Applications.” Examples include
Engineering Laboratory and the Library of Congress.simple and complex derivations of design floods,
By regularly reviewing this Bibliography, the user can reservoir operational analysis, and operational
efficiently keep abreast of continuing developments inforecasting. In Chapter 11, “Guidelines for Snowmelt
the field of snow hydrology to supplement the contentsModel Selection,” available operational models are
of this manual. described.

1-2
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b. In addition to Appendixes A and B noted Appendix F, “Summary Descriptions of Selected

above, several other appendixes provide detailed tech- Operational Snowmelt Models,” summarizes the
nical material to augment the information presented in characteristics of several widely used computer
the main body of the manual. Appendix C, “Sum- models that can be used to simulate snowmelt runoff.

mary of Basic Physics Principles—Heat, Heat

Transfer, and Thermal Properties of Water,” sum-1-7. Units

marizes some basic physics of water that are

applicable in snow hydrology. Included are someThe equations in this manual will be presented in both
basic tables of physical properties in both English andsl and English units. If the reader refers to modern
S| units.  Appendix D, “Meteorological Relation- textbooks on physics and meteorology, the Sl

ships,” presents a number of charts drawn from theonvention would be used exclusively. However,

Cooperative Snow Investigation Studi¢isat are once the discussion involves the experimental
useful in describing the influence of meteorological relationships that were developed in the 1950s, a shift
phenomena on snowmelt. Appendix E presentdo current U.S. practice (English units) must be made.
S| unit versions of the generalized energy budgetrurther discussion of units can be found in

equations that are discussed in Chapter 5. FinallyParagraph 542



Chapter 2
Snowmelt Runoff—A Review of
Fundamental Processes

2-1. General Introduction

In many regions of the United Sates, snowfall and the
resulting seasonal snowcover represent an important
source of water. When the snowpacks melt, the snow-
melt recharges the groundwater and replenishes surface
water storage. Excessive snowmelt runoff can cause
flooding, while inadequate snowmelt is often the prelude
to later drought.

a. When snow mdts, the ice that composes the snow
is converted into water. This water is called snowmelt.
Since the conversion from ice to water requires the input
of energy (or heat), the process of snowmelt isinextric-
ably linked to the flow and storage of energy into and
through the snowpack. These linkages between the flow
and storage of both water (i.e., ice and liquid water) and
energy (or heat) are summarized in Figure 2-1 to
facilitate the discussion and to clarify the complicated
processes that control snowmelt runoff.

b. The sources of energy that cause snowmelt
include both shortwave and long-wave net radiation,
convection from the ar (sensible energy), vapor
condensation (latent energy), and conduction from the
ground, as well as the energy contained in rainfall.
These energy fluxes are shown in the upper left of
Figure 2-1 and are labeled Q, , Qy, Qp, Q., Qq, and
Q,, respectively. These fluxes are usualy measured as
energy per time per unit area of snow. The energy
budget equation that describes the energy available for
snowmelt is given in Equation 2-1 below. The total
energy available for snowmelt is Q,,.

Qun=Qu+Qu+Qy+Qe+Q,+Q,-AQ,  (2-1)

AQ; istherate of change in the internal energy stored in
the snow per unit area of snowpack. This term is
composed of the energy to melt the ice portion of the
snowpack, freeze the liquid water in the snow, and
change the temperature of the snow. Thus, during

EM 1110-2-1406
31 Mar 98

periods of warming, the net flux of heat (AQ;) is into
the snow, while during periods of cooling, the net flux
(AQy) isout of the snowpack. Therefore, the amount of
energy available to cause snowmelt varies and can be
dynamic, depending on the magnitudes of the various
energy inputs to the snowpack. Male and Gray (1981)
suggest that snowmelt is not homogeneous throughout
the snowpack depth and point out that most of the
melting occurs at the upper and lower interfaces of the
snow (i.e., the interfaces with the atmosphere and the
ground).

c. Whenever sufficient energy is available, some
snow (ice) will melt and form liquid water (i.e., snow-
melt). Since the physical structure of the snowpack isa
porous matrix, this snowmelt will be held as liquid
water (provided it does not refreeze) in the interstices
between the snow grains and will increase snow density
and snow water content. The snowpack is commonly
called “ripe” when it is isothermal at 0 °C and satu-
rated. Whenever the capacity of the snowpack inter-
stices to hold the liquid water is exceeded, some of the
snowmelt will begin to move down-gradient (caled
direct surface runoff in Figure 2-1) to become a portion
of the snowmelt runoff. Additionaly, some of the
snowmelt may infiltrate into the ground. The amounts
that infiltrate depend on inherent soil characteristics, the
soil moisture content, as well as whether or not the
ground surface isfrozen. The infiltrated snowmelt later
reemerges as interflow into stream channels, or it
percolates into deeper groundwater storage. These
snowmelt pathways are delineated in Figure 2-1.

d. Estimates of snowmelt amounts are derived
through the use of energy balance equations or by some
empirically defined snowmelt index. Determinations of
the amounts and the temporal distributions of snowmelt
runoff require additional analysis of the storage of the
snowmelt in the snowpack and transmission of the
snowmelt through the snowpack as well as along the
surface of the ground as it courses its way to the stream
channel.

e. Thischapter will discuss the theoretical basis for
snowmelt at a point and from a basin or watershed.
Throughout, the overal energy and water mass
pathways shown in Figure 2-1 will form the framework
for the discussion.

2-1
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2-2. Energy and Mass Balance of the relative proportion of a snowpack that consists of ice
Snowcover determines the thermal qualitg)(of the snowpack. A

snowpack that contains no free water has a thermal
Evaluating snowmelt theoretically is a problem of heatquality of 1.0. However, after melt has begun, there is
transfer involving radiation, convection, condensation,some free water held within the snow matrix, yielding a
and conduction. The relative importance of each ofthermal quality of less than 1.0. The heat energy
these heat transfer processes is highly variablerequired to release 1 g of water is somewhat less than
depending upon conditions of weather and the locathe latent heat of fusion of water (that is the energy
environment. Gray and Prowse (1992) tabulaterequired to change state from ice to water; 334.9 kJ/kg
selected results of the relative contributions of eachor 80 cal/g for pure ice). For a melting snowpack, after
heat transfer process as a function of site environmenfree drainage by gravity for several hours, the thermal
The basic equations and coefficients that describguality normally averages between 0.95 and 0.97,
snowmelt at a point have been derived primarily fromcorresponding to a 3- to 5-percent liquid water in the
various laboratory and field experiments. snow.

a. General Equation 2-1 summarized the energy (3) The thermal quality of snow may be far lower
sources available to melt snow. The summation of alfor “ripe” snows and in extreme cases where the water
sources of energy (heat) represents the total amount @annot drain freely from the snowpack.
energy available for melting the snowpack.j. The
amount of snowmelt at a point may be expressed by the b. Radiational energy exchangeRadiational
general formula given as Equation 2-2 energy is the prime source of energy at the Earth's

surface. Some of this energy is classed as solar or
shortwave radiation (radiation having waveleng#js (
- L (2-2) between 0.2 and 2.2 pm) and terrestrial or long-wave
334.%,B radiation (wavelengths between 6.8 and 100 pm). The
first two terms of Equation 2-1 are sometimes referred
to as net radiatio®,, the sum of net shortwa¥,, and

where net long-wave)),, energy fluxes. As the net long-wave
exchange is often a loss from the snow surf@cds
M = snowmelt, mm of water equivalent expressed as
= algebraic sum of all heat com
Qn nglij ponents, Qn=Qsn Qi (2-3)
B = thermal quality of the snow (e.g., ratio of
heat required to melt a unit weight of the (1) Shortwave radiation is the most important
snow to that of ice at 0C) source of energy to the snowpack. The net amount of
radiant energy that is available to melt snow depends
334.9 = latent heat of fusion of ice, kJ/kg on how much of the radiation is either reflected from or
absorbed by the snowpack. The amount of heat
0., = density of water, kg/tn transferred to the snowpack by solar radiation varies

with latitude, season, time of day, atmospheric
(1) Egquation 2-2 may also describe the snowmeltconditions, forest cover, and reflectivity of the snow
per unit time (for example, mm water equivalent day)(albedo). The intensity of incident solar radiation just
whenQ,, is expressed in kJfAn per day. above the Earth's atmosphere and normal to the path of
radiation is virtually constant at 1.35 k3/m per second,
(2) A melting snowpack consists of a mixture of the solar constant. In general, less than 50 percent of
snow (ice) and a small quantity of free (liquid) water this incident solar radiation reaches the Earth's surface.
trapped in the interstices between the snow grains. ThAs solar radiation passes through the Earth's
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atmosphere, it is attenuated through reflection off
clouds, scattered by air molecules and particulates in
the atmosphere, and absorbed by a number of
molecular structures contained in the atmosphere. By
far, the greatest change in the portion of solar radiation
transmitted through the atmosphere is caused by

shortwave radiation that is reflected from the snow
surface. Values for albedo range from more than 80
percent for new-fallen snow to as little as 40 percent for
melting, late-season, ripe snow.

(5) The amount of energy available for snowmelt

varying cloud cover, so that direct measures of solafrom the absorption of shortwave radiati@) is
radiation at the ground surface principally show the
effect of depletion by clouds. Inasmuch as such
measurements are not generally available at a given
location, it usually becomes necessary to estimate
incoming radiation indirectly from duration of sunshine
data, observations of cloud conditions, or diurnal airwhere
temperature fluctuations. See Appendix D for further
discussion of radiational energy exchange, including
several charts showing how radiational flux varies.

Q,=(1-A)l (2-4)

A = albedo (expressed as a decimal fraction)

I, = daily incident solar radiation (kJfm per day)
(2) Additionally, the local environment has a

marked effect upon the amount of solar radiation  (6) In the middle latitudes during late spring, the
received on the snow surface. The relative ratio of thenaximum solar radiation for a clear day on a horizontal
daily solar radiation incident upon a snow surface tosurface is about 52 MJ/m . With a minimum albedo of
that on a horizontal surface is a function of the surfacet0 percent, the resulting possible shortwave radiation
slope angle to north or south (or aspect), the latitudemelt for an unforested area is on the order of
the season, and the amount of diffuse sky radiatior6.4 cm/day. However, some of the energy absorbed by
relative to direct solar radiation. More complete the snowpack from solar radiation is radiated from the
descriptions of methods for calculating incident snowpack to the atmosphere as long-wave radiation.
radiation and the effects of local environment are giverSnow is nearly a perfect blackbody, with respect to
by List (1968), Dozier (1979), Oke (1978), Male and long-wave (terrestrial) radiation, absorbing all such
Gray (1981), and Gray and Prowse (1992). radiation incident upon it and emitting the maximum

possible radiation in accordance with the Stefan-

(3) Forest cover can also play an important role inBoltzman law (Equation 2-5).

the amount of solar energy that reaches the snow
surface. For example, in coniferous forests, the
transmission percentage varies with the type, density,
and condition of trees. Transmission also varies with
the season, because of the change in the shading effect
of the trees with the solar altitude. The determinationwhere
of the amount of sunshine transmitted through the
forest is at best an approximation.

Q=eoTs (2-5)

Q, = total shortwave energy emitted by the snow,
kJ/n? per second

(4) The reflectivity of the snow surface plays an
important role in the amount of energy available to
cause snowmelt. Large portions of the shortwave
radiation that reach the snow surface can be reflected.
Since snowpack reflectivity varies over a considerable
range, it is an important consideration in estimating the
amount of solar energy absorbed by the pack. Albedo
(A) is defined as the percentage of the incident

€ = 0.99 for clean snow

o = Stefan-Boltzman constant, 5.735 x
101 kd/nt s K

TZ = blackbody temperature in Kelvin (K)
(temperature of the snow surface)



(7) Consider a melting snowpack having a surface
temperature of 0°C. According to the Stefan-
Boltzman law, the snowpack will lose energy at the rate
of 0.315 kJ/m per second. Opposed to this is the back-
radiation, or long-wave radiation, reflected back from
the atmosphere or the forest cover. For clear skies, the
heat gain from back-radiation is generally less than the
heat loss, so that there is net heat loss from the
snowpack by long-wave radiation. With cloudy skies
or beneath a forest canopy, however, the back-radiation
may be greater or less than the loss from the snowpack,
depending principally upon the ambient air
temperature.

c. Turbulent transfer.

(1) Energy is also exchanged between the snow-
pack and atmosphere through the processes of con-
vection and condensation. Depending on the
climatological and local weather conditions, the relative
importance of these processes differs widely. For
example, during clear weather in the spring, energy
exchange by the process of turbulent exchange from the
atmosphere is of secondary importance compared with
radiation for snowmelt. However, during a winter rain
on snow, turbulent exchange is the dominant heat
exchange process. Turbulent exchange involves the
transfer of sensible heat from warm air advected over
the snowfield (convection), and also the latent heat of
condensation of water vapor from the atmosphere
condensed on the snow surfaces. Computation of the
transfer of sensible and latent heat from the atmosphere
is complex from a theoretical standpoint, and exchange
coefficients are derived empirically from controlled
experiments.

EM 1110-2-1406
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Qe - Eeuz(ea B es) (2-7)

where

D,, = bulk transfer coefficient for sensible heat
transfe?, 4Q/m

u, = wind speed at a chosen height above the snow
surface, m/s

T, = temperature at the air surfac€
.F temperature at the snow surfatg,

D, = bulk transfer coefficient for latent heat
transfer, kJ/m Pa

e, = vapor pressure of the air surface, Pa
e, = vapor pressure of the snow surface, Pa

d. Heat conduction from the ground Heat
entering the snow from the grayjpdoy solid
conduction is a very small component to the overall
energy budget, especially compared with the radiational
and turbulent exchange at the air/snow interface. This
ground heat component can be neglected over short
periods of time (less than 1 week). Although the daily
melt caused by ground heat is small, it can amount to a
significant quantity of water over an entire snow
season. Most lumped, conceptual models use constan

daily values in the range of 0-5 J/m per second.
Ground heat flow can also be estimated using soil

temperature gradients measured near the surface in an

(2) The principal variables affecting convective
(sensible) heat exchange are the temperature gradient of
the atmosphere measured above the snow surface and
the corresponding wind speed. Similarly, the primary
variables affecting condensation (latent) heat exchange
are the vapor pressure of the atmosphere and the snow
surface and the corresponding wind speed. Equations
2-6 and 2-7 describe sensible and latent heat transfer,
respectively (Gray and Prowse 1992).

Qn=Dyu,(T,-TY (2-6)

equation for steady-state, one-dimensional heat flow by

conduction:

T

9 e (2-8)

where

k = thermal conductivity of the soil

dT
d_g = temperature gradient from soil to snow
z
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e. Heat convected by rainThe heat convected C, = specific heatC,; = 2.1 kJ/kg°C; C,, =
from the snow by rainfall is 4.2 kIIKg

T, = mean snow temperatu
Q,=C,p,,P, (T, ~T)/1000 (2-9) " P "«

The subscripts, |, andv refer to the ice, liquid, and
vapor phases, respectively. The contribution of the

where vapor phase is assumed negligible.
C, = specific heat of rain, kJ/KyC 2-3. Snowpack Meltwater Production and
Movement

p,, = density of water, kg/fn
As was pointed out earlier (see Figure 2-1), before

P, = rain quantity, mm/unit time snowmelt becomes runoff from a watershed, a number
of processes occur. These processes involve a change

T, = temperature of the raifC in character of the snow crystals, changes in snowpack
temperature and density, and the movement of

T, = snow temperaturéC meltwater through the pack. The changes in the internal

energy of the snowpack are relatively small and are
The temperature of the rain is assumed to be equal tosually neglected in deep packs, where other energy
the air temperature or, if available, the wet-bulb tem-components dominate.  For shallow snowcovers,
perature. The specific heél, is equal to 4.20 kJ/ however, these phenomena become more important.
(kg °C) for rainfall and 2.09 kJ/(kgC) for snowfall.
a. Character of the snowpackihe formation of
f. Internal energy By definition, if the cold content the snowpack begins with the deposit of new-fallen
or heat deficit of the snowpack is positive, the snow of relatively low density (i.e., specific gravity).
snowpack's temperature is below freezing. The internaWith time, the snowpack changes; the delicate crystals
energyQ, can be changed and the heat deficit reduceaf snow become coarse grains, and the density of the
by the heat released when melt or rainwater freezepack increases. The metamorphosis from a loose, dry,
within the snow cover. This phenomenon is prominentand subfreezing snowpack of low density to a coarse,
during diurnal temperature cycles with refreezing atgranular, and moist snowpack of high density is
night because of radiational cooling. Melt and sometimes spoken of as “ripening” of the snowpack. A
rainwater will continue to freeze within the snow cover ripe snowpack is said to be “primed” to produce runoff
until the total heat deficit reaches zero. When the totalvhen it becomes isothermal at 0 °C and its liquid-
heat deficit reaches zero, the snow cover will becomeavater-holding capacity has been reached. At this point,
isothermal at ®C. This internal energy is calculated the only storage effect of the snowpack is that of
by the following expression (Gray and Prowse 1992): “transitory” storage, resulting in a temporary delay of
liquid water in transit through the pack. Although ripe
snhow is usually the relatively dense, coarse-grained
snowpack characteristic of the spring, there is no
restriction on the time of year that the snowpack may
yield liquid water to the underlying ground surface.
where Midwinter rainfall or snowmelt may satisfy the “cold
content” and liquid-water-holding capacity of the
d, = depth of snow snowpack. After those deficiencies have been met, any
further input of liquid water at that time will pass
p = density,p, = 922 kg/mi p, = 1000 kg/m through the snowpack as drainage by gravitational

Qi = ds (pi Cpi * pI CpI * pv va) Tm (2'10)
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force. Figure 2-2 shows the features of a deep intermittently, thereby resulting in an irregularly
snowpack during a winter-spring season. Changes in stepped pattern (see Figure 2-2). Analysis of meltwater
depth, density, and snow temperature can be seen as the movement through snow is more complicated thar

season progresses. Note the midwinter rainstorm in infiltration in a more static medium such as soil. The
December where the snowpack became isothermal in snowpack medium changes continuously as show
only a few hours. grains change in shape and size. In addition, as the

snow melts and refreezes, impermeable ice layers form.
(1) Changes that take place within the snowpack Colbeck (1978) and Yosida (1973) have shown that as

are caused by several physical processes: meltwater drains through the snowpack, there exists a
wetting front that is isothermal at @ and a lower
(a) Heat exchange at the snow surface. layer in the snowpack befé@w OThese wetting

fronts may not be a uniform wave. Vertical flow
(b) Percolation of meltwater or rain through the fingers form around inhomogeneities in the snowpack
snowpack. (Marsh and Woo 1984). Because of these inhomo-
geneities in the snowpack, it is typically beyond the
(c) Internal pressure attributable to the weight of focus of operational snowmelt models to determine

the snow. representation values of permeability and the effective
porosity of the snow. The net storage effect on water
(d) wind. draining through the snowpack is a time delay to
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